Objective: This study employs a recently developed experimental technique for comparison of the flow characteristics and the effectiveness of gas washout between pressure control ventilation (PCV) and high-frequency percussive ventilation (HFPV) in high-compliance and low-compliance ex vivo porcine respiratory tracts. Approach: The ex vivo porcine lungs are filled with nitrogen prior to ventilating with atmospheric gas using either PCV or HFPV to investigate the flow characteristics and gas washout characteristics. The study considered freshly removed lungs from porcine carcasses that were humanely harvested for human consumption. Subsequently, the porcine lungs were exposed externally to formalin to simulate low-compliance conditions. The first order models of respiratory mechanics were employed to predict the lung compliance and resistance in normal and formalin exposed lungs. HFPV was operated in two different modes based upon the set pressures, namely HFPV-Low and HFPV-High. The peak pressures of HFPV and PCV were matched in HFPV-Low and the peak pressures are increased to about 20-30% in the HFPV-High mode. Main results: Both HFPV-Low and HFPV-High mode deliver smaller tidal volume (V T ) as compared to PCV in high and compliance states (about 70% and 40% for healthy and formalin treated lungs, repsectively). Although the tidal volume delivered by HFPV-High and HFPV-Low are comparable, they reveal a substantial difference in washout time as well as total ventilation volumes. In a high compliant lung (healthy lung), HFPV-High washes out the nitrogen within the lung more rapidly, whereas HFPV-Low washes out the inert gas more slowly as compared to PCV. In a low-compliance lung, HFPV-Low delivers similar washout rates as PCV at a much smaller V T and lower mean airway pressure. Significance: The ex vivo study supports the hypothesis that in low compliant lungs HFPV provides effective washout with a protective ventilation.
Introduction
Mechanical ventilation saves millions of lives daily in intensive care units and homecare settings. However, it can also exert atypical physiological stress and strains on lungs (Dreyfuss and Saumon 1998, ARDS Network 2000) causing ventilator-induced-lung-injuries (VILI). The risk of VILI can be reduced by limiting the tidal volumes (V T ) (of predicted body weight) and plateau pressures (ARDS Network 2000) . Importantly, following these guidelines does not guarantee lung protective ventilation in critical care situations (Chiumello et al 2008) . Therefore, clinicians need to rely on other modes of ventilation in these situations. High-frequency oscillatory ventilation (HFOV) is a promising technique that uses unconventional gas transport mechanisms involving high-frequency delivery of low tidal volumes. Although HFOV showed some potential in preventing VILI, large randomized controlled trials have not detected an improvement in survival with the use of HFOV, and it has been found that using it as an early lung-protective strategy in patients with ARDS may be harmful (Sklar et al 2017) .
Comparison of pressure, volume and gas washout characteristics between PCV and HFPV in healthy and formalin fixed ex vivo porcine lungs High-frequency percussive ventilation (HFPV) blends a high-frequency pulsatile waveform with a conventional time-cycled pressure waveform (Esan et al 2012) . During inspiratory phase, the lung is slowly inflated by the pulsatile flow, mimicking a tidal breath similar to pressure control ventilation (PCV). Due to the nature of the pulsatile waveform, the total volume (V TOT ) exchanged during inspiration is much higher than the V T (Lucangelo et al 2004 , 2006a , Dutta et al 2018 . During expiration, the lungs deflate with superimposed high-frequency breaths. HFPV is associated with passive expiration and a coupling of pulsatile amplitude and frequency, in contrast, HFOV is characterized by active expiration and uncoupled amplitude and frequency (Dutta et al 2018) .
HFPV has been assessed clinically in the treatment of post-traumatic respiratory insufficiency (Hurst et al 1987) , inhalation injury (Cioffi et al 1989) , newborns with hyaline membrane disease and/or ARDS (Velmahos et al 1999) , acute respiratory infections caused by burns and smoke inhalation (Lentz and Peterson 1996, Reper et al 2002) , and surgical bronchial repair in a patient with one lung (Lucangelo et al 2006b) . Further, randomized controlled studies on severely burned adult patients (Chung et al 2010) showed that the HFPV lowers the incidence of rescue ventilation requirement and barotrauma as compared to low-V T strategy. Lately, Michaels et al (2015) showed that the use of HFPV alongside extracorporeal membrane oxygenation (ECMO) reduces the length of time on ECMO in ARDS patients. As evident, there have been some clinical studies on HFPV. However, as described by Dutta et al (2018) , the lack of scientific research articles and contrasting research data from previous bench studies (Lucangelo et al 2004 , 2006a , Allan 2010 ) have contributed to the limited use of HFPV. The detailed understanding of HFPV from a fundamental point of view and comparison with other ventilation techniques are essential for selection of best ventilation practices and effective utilization for protective ventilation.
This study builds upon the previous bench study (Dutta et al 2018) , where a newly designed experimental setup was employed to study the pressure, volume and gas washout characteristics of HFPV in a bulk flow test lung model. Since the pressure waveform of HFPV resembles that of PCV with a superposed high-frequency waveform, HFPV was compared with PCV. It is not feasible to correctly match V T of HFPV with that volume controlled ventilation (VCV), therefore, VCV is not considered in this study. Dutta et al (2018) reported that in low compliant test lungs, an HFPV delivers more rapid washout with a smaller V T as compared to PCV, when their peak pressures are matched. The aim of the current study is to compare and describe the flow and gas washout behavior of HFPV and PCV in ex vivo porcine respiratory tracts in both high-compliance and low-compliance states. By adding the complexities of real airways instead of the bulk flow model of the lung, the applicability of the study is enhanced. Further, the study employs first order model (FOM) of respiratory mechanics to demonstrate the effects of formalin treatment of lung mechanics. Given the importance of low compliance associated with respiratory disease this is an important advancement in studies of ventilation.
Methods
The experimental setup is presented in figure 1 . The endotracheal tubes (ETT) of size 7 and 8 mm are employed to attach the lungs with the Phasitron (Percussionaire Corp, Sandpoint, ID, USA), which is a novel mouthpiece device that interfaces the patients with HFPV (Bronchotron; Percussionaire Corp, Sandpoint, ID, USA). An LTV 950 (Pulmonetic Systems Inc., Medina road suite 100, Minneapolis, MN, USA) replaces the Phasitron and HFPV for the PCV studies. LTV 950 uses a flow control valve and a turbine to provide both pressure controlled and volume controlled breaths. A 16-channel digital pressure sensor array, Scanivalve DSA 3217 (Scanivalve, Liberty Lake, WA, USA), was used to measure airway pressure (P aw ), and Scantel software was used to record pressure signal at a frequency of 500 Hz. A heated Fleisch type pneumotachograph (Hans Rudolph 3700, Shawnee, Kansas, USA) was used to measure the flow rate. Further, the oxygen concentration was measured using a GA-200B CO 2 and O 2 gas analyzer system (Iworx systems, Dover, NH, USA). A data acquisition system (NI 6341, National Instruments, Austin, TX, USA) with LABVIEW 2017 software was used to record the flow rate and oxygen data at 500 Hz and 100 Hz, respectively. HFPV can be perceived as a blended ventilation mode where a high-frequency pulsatile waveform is superimposed on a low frequency conventional time-cycled pressure waveform (Esan et al 2012) . Therefore, HFPV waveform is characterized by a low-frequency and a high-frequency. In this study, the low-frequency of HFPV and the respiratory rate of PCV were matched at 20 breaths min . The high-frequency of HFPV was set at 500 cycles min , which gives a balance of CO 2 removal and oxygenation in clinical practice. The ratio of the inspiratory time to the expiratory time (I:E ratio) for both PCV and HFPV was maintained at 1:1. The peak inspiratory pressure (PIP) and positive end-expiratory pressure (PEEP) for PCV were set at of 30 and 10 cmH 2 O respectively. In the HFPV-Low mode, the PIP and the dCPAP of HFPV were matched with the PIP and PEEP of PCV. In the HFPV-High mode, PIP and dCPAP were increased to 40 and 20 cmH 2 O, respectively. Figure 2 shows various ex vivo porcine lungs considered in this study. The lungs were placed in a flat tray during experimentation to model intubated patients lying in supine position. Four different sets of adult porcine lungs were tested. It is assumed that freshly removed ex vivo lungs simulate a high compliant state and formalin exposed lungs model diseased low compliant lungs (supported by our experimental data). The lung L1, which is from an 81 kg pig, was studied fresh (L1-HC) and after formalin treated for 48 h (L1-LC). A special arrangement was made to keep the trachea and primary bronchi out of the formalin solution. L2-HC is a freshly removed lung from a 95 kg pig and L3-HC is a commercial plasticized lung, called BioQuest Inflatable Lung (Nasco, Wisconsin, USA). Further, L4-LC is from a 77 kg pig, which was treated with 22% formalin for 4 days and stored at 4°C until use (more than a year). There were several other attempts to study formalin exposed lungs, however, lungs were either too stiff or air leaked and not suitable for washout experiments.
All the pig lungs were ventilated using PCV (PIP 25 cmH 2 O and PEEP 10 cmH 2 O) for 30 min, which helps to recruit collapsed airways. After that, the lungs were inflated with nitrogen for 40 s (without connecting to a ventilator) and then ventilated using either PCV or HFPV. The pressure, flow-rate, and oxygen concentrations were recorded from sampling ports in the ventilator circuit, which are close to the proximal end of the ETT. The pressure and flow-rate data are presented only after nitrogen is completely washed out of the system.
Statistical analysis
A complete nitrogen washin-washout experiments for each ventilation mode, i.e. HFPV-High, HFPV-Low and PCV, was repeated five times. The repetitions were performed in random orders of HFPV-High, HFPV-Low and PCV. Further, a minimum of 10 min settlement time was maintained between completion of one experiment to the start of the next experiment. The mean, and standard deviation data for experimental replicates are presented herein (mean ± SD). PCV was compared with both modes of HFPV for high-compliance and low-compliance lungs using unpaired t-test. All tests were two-sided, and a p value <.05 was considered significant.
Definition of flow parameters
The HFPV related flow parameters was defined in Dutta et al (2018) . The instantaneous flow rate was decomposed into its positive and negative parts to define V T , V TOT and pulsatile flow volume (V PULSE ). The V T is defined as the volume retained in the lung at the end of the inspiration; whereas, the V TOT is the total volume delivered to the lung during a complete cycle, which can be calculated by integrating the positive component of the flow-rate signal. The V PULSE is defined as the part of the total volume that does not contribute to the tidal excursion, i.e.
The washout time (t wash ) is calculated from the instantaneous signal of oxygen concentration and defined as the time needed to reach end-tidal oxygen concentrations from 1% to 18.9% during nitrogen washout. The washout efficacy (E wash ) is defined as the t wash per 100 ml tidal volume.
Model based prediction of resistance and compliance
Respiratory mechanics defines the characteristics of the respiratory airway, lung tissue and chest walls when subjected to spontaneous or artificial ventilation. The simplest model of respiratory mechanics (Dorkin et al 1988) is a first order model (FOM) analogous to RIC circuit model of the electrical network.
For PCV, the FOM can be written using P aw waveform as input and predicted flow rate (V p ) waveform as output parameter (Schranz et al 2014) 
V represents the instantaneous volume that can be calculated by integrating flow rate (measured), V . The R represents the total airway resistance including central and peripheral airways as well as the artificial airway of the endotracheal tube. The compliance, C is a measure of the elasticity of the respiratory system including lung and chest walls (Schranz et al 2014) . C is defined as the change in volume for a given applied pressure, In order to obtain R and C from the FOM of the respiratory mechanics, multiple linear regression approach (Kaczka et al 1995 , Riscica et al 2011 , Schranz et al 2014 was employed. The data samples of measured airway pressure and flow rate, together with volume were used to minimize the sum of squared error (SSE) between measured flow rate and predicted flow rate:
The following sets of matrices, i.e. A, B and X can be generated from the FOM using N number of data samples of pressure, the flow rate from PCV:
. . .
The solution of X can be obtained by minimizing the SSE (Riscica et al 2011) :
The coefficient of determination (CD) was obtained to quantify the fitting quality of FOM with the measured data for one complete PCV cycle. CD is defined as (Schranz et al 2014)
Here V represents mean flow rate. CD varies from 0 to 1, CD = 1 represents a perfect fit and CD = 0 represents no fit at all. Although respiratory mechanics is a non-linear process, it is reported that the FOM is capable of correctly predicting respiratory mechanics in ICU patients (Kretschmer et al 2017) . In this study, we employ FOM for the prediction of respiratory resistance and compliance of the ex vivo porcine lungs. FOM is tested on a linearized respiratory model to assess how well it represents the experimental data from the study.
Results

Testing of FOM using measured data on a test lung
The FOM for the prediction of lung compliance and resistance has been tested using experimental data on a test lung (Quicklung, Ingmar Medical, and Pittsburgh, PA, USA) of known R and C values using PCV. The Quicklung can be set at three different resistances (5, 20, and 50 cmH 2 O/l/s) and three compliances (10, 20, and 50 ml/ cmH 2 O). Table 1 presents the comparison of predicted values of resistance (R pred ) and compliance (C pred ), with that of reference set values of resistance (R act ) and compliance (C act ) of the QuickLung. The table also includes the percentage errors of estimation in R (∆R%) and C (∆C%) and CD values. The mean and the standard deviations were estimated from five repeated experimental sets. The estimated R and C values agree well with the corresponding reference values with good repeatability and high CD values. Therefore, the hypothesized FOM can accurately predict the behavior of the test lung simulator. Figure 3 compares the measured and predicted flow rate waveforms over a complete ventilation cycle at reference R and C values of 10 cmH 2 O/l/s and 20 ml/cmH 2 O, respectively. As can be seen, the predicted flow rate signal using the FOM agrees well with the experimental dataset. Table 2 shows the prediction of the R and C values for the different ex vivo porcine lungs by applying the FOM on measured data using PCV. The predicted R and C on the three high compliant lungs show a narrow range (R = 7.43 ± 0.25 − 11.54 ± 0.23 cmH 2 O/l/s and C = 45.43 ± 2.3 − 69.2 ± 7.42 ml/cmH 2 O). The L2-HC, which was removed from the largest pig (95 kg) has the largest C and smallest R, whereas the plasticized lung, L3-HC, has the maximum R (11.54 ± 0.23 cmH 2 O/l/s) and minimum C (45.43 ± 2.3 ml/cmH 2 O). We believe that both the size of pigs and the effect of chemical treatment have effects on lung mechanics of the plasticized lung. Unfortunately, the size of the pig that was plasticized is not known. The R and C values of the two formalin exposed lungs show huge differences, R = 24.84 ± 1.29 cmH 2 O/l/s, C = 3.48 ± 0.2 ml/cmH 2 O for L1-LC and R = 146.26 ± 2.07 cmH 2 O/l/s and C = 0.99 ± 0.17 ml/cmH 2 O for L4-LC. The differences can be attributed to the way formalin treatment was performed, L4-LC was formalin treated for about two years resulting in very stiff tissue and occluded airways, whereas, the L1-LC was treated for 48 h keeping the trachea and primary bronchi out of the formalin solution. The differences in lung mechanics between L1-HC and L1-LC should be noted, which show that the normal and formalin treated lungs provide a good model of healthy and diseased human lungs. Table 3 presents a detailed comparison of various measured and derived quantities between PCV, HFPV-High, and HFPV-Low. The data for all the high-compliance lungs (L1-HC, L2-HC L3-HC) are averaged to represent an overall behavior of the normal lungs and similarly, the data for low-compliance lungs (L1-LC, L4-LC) are also averaged. Even though the PIP in HFPV-Low matches with that of PCV, the MAP for HFPV-Low is much smaller and within the range of 9.9 ± 0.43 to 10.2 ± 0.37 cmH 2 O as compared to 18.3 ± 3.72 to 21.2 ± 0.7 cmH 2 O for PCV. Further, HFPV-High delivers 30%-40% higher PIP compared to PCV, but the MAP is much lower (14.1 ± 1.56 − 14.4 ± 0.55 cmH 2 O).
Characterization of lung mechanics for normal and formalin exposed lungs
Comparison of pressure, volume, and washout in high-and low-compliance lungs
In the high-compliance lungs, the V T delivered by PCV is large (914.9 ± 111.78 ml) as compared to HFPVLow of 255.3 ± 69.82 ml (p < 0.0001). Data also show no significant difference in the delivered V T between HFPV-Low and HFPV-High (269.8 ± 50.11 ml). Low-compliance lungs deliver a much smaller V T compared to corresponding high-compliance conditions. The measured V T from PCV, HFPV-High, and HFPV-Low are 48.1 ± 24.85 ml, 27.5 ± 15.27 ml and 24.8 ± 15.51 ml, respectively.
As the data suggests the V T reduces by tenfold in HFPV-High and HFPV-Low for low-compliance lung when compared to a high-compliance lung, however, V TOT is decreased by about 50%. Therefore, only 30%-40% decrease can be observed in the V PULSE between normal and formalin exposed lungs for HFPV-High and HFPV-Low.
In the high-compliance lung, PCV delivers more rapid nitrogen washout as compared to HFPV-Low (114.9 ± 39.52 s for PCV versus 281.1 ± 40.82 s for HFPV-Low), however, there was not any significant differ- ence observed in the washout time between PCV and HFPV-High. Further, in a low-compliance lung, HFPVHigh provides a more rapid washout of nitrogen as compared to PCV (164.0 ± 29.67 s for HFPV-High versus 219.2 ± 27.12 s for PCV) with a smaller delivered V T and MAP. Moreover, HFPV-Low provides similar washout time (238.7 ± 26.39 s) to PCV for low compliant lungs. Also, it can be seen that the HFPV-High and HFPV-Low deliver similar V T , but the washout times are significantly different. Lastly, the washout efficacy, E wash, shows that the HFPV-High provides the most effective washout among the different ventilation modes and HFPV-Low delivers more effective washout as compared to PCV. Figure 4 compares the airway pressure, flow rate and volume waveforms for HFPV-High, HFPV-Low and PCV for L1-HC and L1-LC lungs. The R and C for L1-HC and L1-LC are 10.58 ± 0.48 cmH 2 O/l/s, 57.68 ± 6.33 ml/ cmH 2 O, and 24.84 ± 1.29 cmH 2 O/l/s, 3.48 ± 0.2 ml/cmH 2 O, respectively. It is observed that for high-compliance conditions, none of the ventilation modes show inspiratory plateau whereas the inspiratory plateau can be clearly observed in low-compliance conditions. A huge difference in the tidal volume can be observed between PCV with both the HFPV modes in high-compliance lungs. This depicts the importance of high-frequency wash in and wash out in HFPV for limiting the tidal excursion on lungs. Figure 5 presents the pressures, volumes and washout times for the lung L1, under high-compliance (L1-HC) and low-compliance (L1-LC) conditions. Figures 5(a) and (b) show that the PIP and MAP for each of the ventilation modes (PCV, HFPV-High, and HFPV-Low) are kept similar for the two lung conditions. Figure 5 (c) shows that for both PCV and HFPV, the V T is drastically reduced when the lung is exposed to formalin. As can be seen in figure 5(d) HFPV-High provides rapid washout (in contrast to averaged high-compliance conditions) as compared to the PCV at a much smaller V T (figure 5(c)) both in high-compliance and low-compliance conditions. HFPV-Low provides slower washout as compared to PCV for high-compliance conditions, however, it provides a similar rate of washout in low-compliant formalin exposed lung.
Figures 6(a) and (b) show the variation of V TOT and V PULSE for HFPV-High and HFPV-Low under highcompliance and low-compliance situations. Although the V T for HFPV-High and HFPV-Low are similar ( figure 5(c) ), the V TOT shows a significant difference. As seen from figure 6(a), V TOT reduces by 15%-20% for both HFPV-L and HFPV-H from high-compliance to low-compliance conditions. Unexpectedly, the V PULSE increases in a low-compliance state compared to high-compliance state for both HFPV-High and HFPV-Low.
Discussion
This study extends our previous work (Dutta et al 2018) that established a standard framework for defining various HFPV flow parameters for clinical applications and assessed the gas exchange parameters in PCV and HFPV by employing nitrogen washout measurements in a test lung. In the present study, the bulk model of the lung is replaced by ex vivo porcine lung models of high-and low-compliance states. This is a crucial advancement Table 3 . Various measured and derived parameters for PCV, HFPV-High, and HFPV-Low for normal and formalin treated lungs. Pressures (PIP and MAP) are in cmH 2 O, the volumes (V T , V TOT , and V PULSE ) are in ml, t wash and E wash are in s.
High-compliance lung (averaged) R = 9.8 (cmH 2 O/l/s), C = 57.4 (ml/cmH 2 in the complexity of the airway and the applicability of ventilation studies in critical care patients with pulmonary compliances that are low. The study employs first order model of respiratory mechanics and solved it using multiple linear regression models to predict the lung compliance and resistance of the various lungs. The first order model accurately predicts the behavior of test lung model when attached to pressure control ventilation, with the predicted resistance and compliance are within 16% of the reference values of the test lung. For normal (high-compliance) porcine lungs, the resistance and compliance values show a narrow range. However, formalin exposed lungs show a wide variation in resistance and compliance that could be attributed to the manner by which and the timing of formalin treatment. One of the lungs was formalin exposed for 48 h (L1-LC), keeping trachea and primary bronchi out of the formalin solution, resulting in a reasonable compliance and resistance. The other lung was formalin treated, including trachea and primary bronchi for a very long time (L4-LC) lead to very high resistance and extremely small compliance. Therefore, the current sets of experiments were able to demonstrate the behavior of PCV and HFPV in normal to extremely damaged lungs.
The data show that tidal volumes delivered by HFPV-Low and HFPV-High modes are much smaller than that of the PCV. Under similar PIP, HFPV-Low delivers 72% and 48% less tidal volume as compared to PCV in high-compliance and low-compliance lungs (averaged), respectively. Similarly, HFPV-High delivers 70% and 43% less tidal volumes, respectively, suggesting that HFPV s may facilitate lung protective ventilation. However, further study is needed to understand how much airway pressures are translated deep into the lungs in HFPV. In the previous in vitro study (Dutta et al 2018) , HFPV-High delivered a larger V T as compared to V T delivered by PCV, whereas HFPV-Low delivered consistently smaller tidal volumes as compared to the PCV for all the resistance and compliance conditions. The maximum delivered tidal volumes were 601.2 ± 201.1, 409.2 ± 3.9 ml and 280.6.2 ± 16.2 ml for HFPV-High, PCV and HFPV-Low respectively. In that study, the average inspiratory pressure, average expiratory pressure, and MAP in HFPV-High matched with PIP, PEEP, and MAP of PCV that resulted in maximum PIP of 58.8 ± 2.0 cmH 2 O. Therefore, we modified the current HFPV-High settings to keep PIP reasonable to be employed in clinical applications, which resulted in delivered V T by HFPV-High always smaller than PCV. As mentioned in the previous paper (Dutta et al 2018) , smaller tidal volumes in HFPV is due to its nature of the pulsatile waveform, which continuously washes out gas during inspiration that maintains a low retained volume or tidal volume inside the lungs. The total volumes found in this study for both HFPV-High and HFPV-Low is much higher than their tidal volumes, which results in large pulsatile volumes in HFPV.
Nitrogen washout data for L1-HC and L1-LC show that HFPV-High provides more rapid washout compared to PCV (52.5 s for HFPV-High versus 142 s for PCV) with smaller delivered tidal volumes (295.7 ml for HFPVHigh versus 905.3 ml for PCV). Although tidal volumes are for HFPV-Low and HFPV-High are similar, the wash- out is much faster with HFPV-High (52.5 s versus 294.4 s for L1-HC), they show a significantly different total volume (988.2 ml versus 793.6 ml). This suggests that V PULSE has a strong effect on washout, therefore, maintaining V PULSE and keeping low V T could lead to improved washout with protective ventilation. In low compliant states, HFPV-Low shows similar rates washout as compared to PCV with a much lower tidal volume and mean airway pressure. This supports the conclusions from our in vitro study that suggest HFPV has the potential for providing lung protective ventilation and improved CO 2 removal in critical lung diseases which produce a low-compliance state. The washout efficacy data show that the HFPV delivers more efficient washout at both low-compliant and high-compliant states.
Study limitations
This study overcomes many of limitations of our previous in vitro study, by employing high-compliant and lowcompliant lung models of ex vivo porcine lungs. The obvious advancement of the airway complexity of this ex vivo study as compared to simple lung models that are reflective of bulk transport mechanics only. However, an ex vivo model excludes the realistic dead space associated with an in vivo ventilated model, and does not simulate gas exchange process. Therefore, the conclusions from this study should not be extrapolated to the living lung. A more expansive dataset should eventually include experiments on in vivo animals or clinical studies on human subjects to understand gas exchange in heterogeneous lung injuries with regional variation in time constants for alveolar emptying and recruitment. These subsequent studies will help us to better understand the ventilation technologies and facilitate clinicians to apply them most effectively.
This study does not attempt to understand how pressure translates deep inside the lung in different ventilation methodologies. The higher peak inspiratory pressures associated with HFPV-High may incur barotrauma, however, the pressure is expected to attenuate inside the lung due to the smaller timescales associated with the pulses. The pressure reduction in high-frequency ventilation has been studied (Smallwood et al 2016 , Rožánek et al 2012 , but more rigorous studies on different ventilation modalities are needed.
Conclusion
The study demonstrates the effective use of normal and formalin exposed ex vivo lungs to develop models of healthy and damaged lungs. First order models of respiratory mechanics show that the lungs develop a large change in lung compliance and resistance due to exposure to formalin. The study shows that even with 30%-40% higher peak pressures, Both the HFPV modes delivers much smaller tidal volumes (about 70% and 40% for healthy formalin treated lungs respectively) at lower mean airway pressures compared to PCV. Overall, HFPVHigh is found to provide more effective and more rapid gas washout compared to PCV. HFPV-Low provides a similar rate of washout to PCV at a much smaller tidal volume and lower mean airway pressure, especially in lowcompliance lungs.
